




















İSTANBUL TECHNICAL UNIVERSITY  INSTITUTE OF SCIENCE AND TECHNOLOGY 
Master Thesis by 
Eren BÖRÜ 
 
Department : ELECTRICAL ENGINEERING 




MODELLING AND CONTROLLING OF  





















İSTANBUL TECHNICAL UNIVERSITY  INSTITUTE OF SCIENCE AND TECHNOLOGY 
 




Date of submission: 5 May 2008 
Date of defence examination: 27 October 2008 
Supervisor (Chairman): Assoc. Prof. Dr. M. Turan SÖYLEMEZ 
Members of the Examining Committee Assoc. Prof. Dr. Salman KURTULAN 
 




MODELLING AND CONTROLLING OF  





















İSTANBUL TEKNİK ÜNİVERSİTESİ  FEN BİLİMLERİ ENSTİTÜSÜ 
YÜKSEK LİSANS TEZİ 
Eren BÖRÜ 
(504041105) 
Tezin Enstitüye Verildiği Tarih: 5 Mayıs 2008 
Tezin Savunulduğu Tarih: 27 Ekim 2008 
Tez Danışmanı: Doç. Dr. M. Turan SÖYLEMEZ 
Diğer Jüri Üyeleri Doç. Dr. Salman KURTULAN 
 




TOP VE PLAKA SİSTEMİNİN 




I would like to thank to my parents and family for the support and guidance they 
have provided me throughout the years. I would also like to thank my supervisor, 
Assoc. Prof. Dr. MEHMET TURAN SÖYLEMEZ, for accepting me as a thesis 



















ABBREVIATIONS  vi 
TABLE LIST vii 
FIGURE LIST viii 
SYMBOL LIST ix 
ÖZET x 
SUMMARY xi 
1. INTRODUCTION 1 
1.1. Goal and Objectives of Project 1 
1.2. Outline 3 
2. BALL AND PLATE SYSTEM ANALYSIS 4 
2.1. Physical System Modeling and Assumptions 4 
2.2. Mathematical Modeling of Ball and Plate Systems 5 
2.2.1. Kinematical System Analysis 5                                    
2.2.1.1. System's Degree of Freedom 6 
2.2.1.2. Motor Angle and Plate Angle Relationship 6 
2.2.1.3. Plate Kinematics 7 
2.2.2. Dynamic System Analysis 9 
3. CONTROLLER DESIGN AND SIMULATION 16 
3.1. Phase-Lead Controller 16 
3.1.1. Continuous Controller Design 16 
3.1.2. Discrete Controller Design 17 
3.2. Simulation 19 
3.2.1. Step Reference 21                                         
3.2.2. Circular Trajectory Reference 22 
4. EXPERIMENTAL SETUP 25 
4.1. Hardware 25 
4.1.1. Mechanical Construction 26 
4.1.2. System Control Structure 28 
4.1.2.1. PLC 28 
4.1.2.2. DC Motor 31 
4.1.2.3. DC Motor Driver 32 
 v 
4.1.2.4. AD Module 32 
4.1.2.5. Inclinometer 34 
4.1.2.6. Touch Screen 34 
4.1.2.7. Time Delays 36 
4.2. Software 36 
4.2.1. Ball on the Center Position 37 
4.2.1.1. Ball on the Center Position in X axis 39 
4.2.1.2. Ball on the Center Position in X axis and Y axis 40 
5. CONCLUSION 41 
REFERENCES  42 



















PLC : Programmable Logic Controller 
AD : Analog to Digital 
NC : Numerical Control 
GND : Ground 
PC : Personnel Computer 
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TOP VE PLAKA SİSTEMİNİN MODELLENMESİ VE KONTROLÜ 
ÖZET 
Top ve Plaka sistemi doğrusal olmayan ve birden fazla değişkene sahip bir 
sistemdir. Bu sistem 2 boyutlu elektromekanik bir alet ile gerçeklenebilmektedir. Bu 
bağlamda bu sistem için bir mekanizma kurulmuştur. Bu mekanizma için; 1 demir 
top, 2 dc motor, 2 dc motor sürücüsü, iki ekseni aynı anda kontrol edebilmek için 1 
PLC, 1 dokunmatik panel, 1 eğim ölçer ve PLC için AD modül kullanılmıştır. Metal 
plaka üzerinde bulunan top, metal plakanın kendi X ve Y ekseni üzerinde dikey 
olarak dönebilmesiyle hareket edebilmektedir. Metal üzerinde bulunan topun 
konumu X ve Y ekseninin eğimlerine göre kontrol edilecektir. DC motorlar bu 
eğimleri değiştirmede kullanılmıştır. Top ve plaka sisteminin kararlılık kontrolü 
plaka üzerindeki topun istenilen bir konumda tutulmasıyla gerçeklenmektedir. 
İstendiği takdirde topun plaka üzerinde verilen bir yörüngeyi izlemesi de 
hedeflenmiştir. Topun plaka üzerindeki konumu; metal üzerine monte edilmiş 
dokunmatik panelden alınan sinyallerin işlenmesiyle elde edilmiştir. 
Top ve Plaka sisteminin kararlılık kontrolü ve topun istenilen yörüngeyi izlemesinin 
kontrolü çift geri beslemeli bir yapıyla gerçekleştirilmiştir. Dış geri besleme 
döngüsü topun plaka üzerindeki konumunu gözlemlemektedir. Bu geri besleme 
döngüsünün çıktıları plakanın eğimlerini vermektedir. Bu eğimler iç geri besleme 
döngüsü için referans oluşturur.  
Top ve Plaka sisteminin kararlılık kontrolü ve topun istenilen yörüngeyi izlemesinin 
kontrolü zor bir problemdir. Çünkü sistemin serbestlik derecesi sistemin sahip 
olduğu eyleyici sayısından fazladır ve sistemde kuplaj vardır. Ayrıca, sistem 
sürtünmelerden, hareket iletimindeki geri tepmelerden, ölçümde meydana gelen 
gecikmelerden, kararsız parametrelerden v.b. etkilenmektedir. Bu bağlamda 
öncelikle belirli varsayımlar yapılarak sistem matematiksel olarak modellenmiştir. 
Bu model için faz ilerlemeli bir kontrol tasarlanmış ve Matlab’ta farklı referanslar 
için simülasyonu gerçekleştirilmiştir. Simülasyondan elde edilen sonuçların ışığında 
elektromekanik sistem üzerinde denemeler gerçekleştirilip topun plaka üzerindeki 
konum kontrolü sağlanmaya çalışılmıştır. 
 xi 
 
MODELLING AND CONTROLLING OF BALL AND PLATE SYSTEM 
SUMMARY 
Ball and plate system is a nonlinear multi-variable system. It’s a two-dimensional 
electromechanical device. First of all, the mechanism of the ball and plate system 
that includes a metal flat plate, a small steel ball, 2 dc motors, 2 dc motor drivers, 1 
PLC for simultaneous control of dc motors, 1 touch screen, 1 inclinometer and AD 
module for PLC has been constructed. The plate can rotate around its X and Y axis 
in two orthogonal directions to make the ball move on the flat plate. The ball 
position on the plate is controlled by changing two plate inclinations. Two dc motors 
are employed to change two plate inclinations. Stabilization control of the ball and 
plate system is to hold the ball in a specific position on the plate. Trajectory tracking 
control demands the ball follow the given position reference. The ball position is 
sensed by a touch screen that is mounted on the metal plate. 
The system controlled by with a double feedback loop structure for tracking control 
of the ball and plate system. Outer feedback loop is used to regulate ball position on 
the plate. Its outputs are plate inclinations. The inclinations are used as references to 
inner feedback loop. Dc motors’ controllers in the inner loop will drive the plate 
slopes to follow the reference. 
Stabilization and desired trajectory tracking control of the ball and plate system are 
challenging problems because the system possesses more degrees of freedom than 
the number of actuators and it has mutual coupling. The system is also influenced by 
frictions, backlash effect in transmission, measurement time delay, parameters 
uncertainty and so on. First of all, system is mathematically modeled with some 
simplifying assumptions. Then, a phase-lead controller is designed and the model is 
simulated in Matlab for different references. According to simulation results, 





The ball-on-plate system as implemented has limited consumer appeal. The 
challenge of balancing, however, is a problem under continuous study for 
applications from robotics to transportation, often extensions of the inverted 
pendulum project. Therefore, the system can present many challenges and 
opportunities as an educational tool to university students studying control 
engineering. 
1.1. Goal and Objectives of Project 
The goal of this project is to develop a ball and plate balancing system’s 
electromechanical device as shown in Figure 1.1 [1], capable of controlling the 
position of a ball on a plate for both static positions and smooth paths. We intend that 
the initially horizontal plate will be tilted along each of two horizontal axes in order 
to control the position of the ball. Each tilting axis is operated on by a dc motor. Each 
motor is controlled using PLC, with a position feedback for control. The position of 
the ball on the plate will be sensed through a touch screen. 
The initial objective of the project is to maintain a static ball position on the plate, 
rejecting position disturbances. An extension of this objective is movement to 
specified positions on the system given a position, a trajectory is plotted and the ball 
is moved to the new location. If this is extended further, trajectories such as a circle 
or a figure-eight can be followed given judicious choices for ball position requests. 
Characterizing system specs for such a system is difficult, notably because the 
desired motion is for piece of the system that is indirectly controlled. The controller 
cannot directly manipulate the ball, and therefore deciding on the specs of the plate 
controller, in terms of rise time, settling time, and steady-state error is difficult. With 
this, the specifications of the overall system are < 2% error in the position of the ball, 
with a settling time of less than 2 seconds, and for a nominal rotational speed (of the 
 2 
plate) of 1.35 rad/sec. This, in turn, mandates excellent response from the plate 
controller, including quick rise times, rapid settling, and negligible steady-state error. 
Any error in the plate controller gets compounded into the ball position, so 
overshoot, steady-state error and slow settling all present obstacles to ideal 
performance in the ball positioning. 
 
Figure 1.1: Ball and plate system device 
System’s major obstacles are; the reading of position coordinates from the touch 
screen and reading inclinations from inclinometer. A RS-232 serial card is supplied 
to the PLC with the 115200 bps to read signals from touch screen and inclinometer. 
The average position report rate from touch screen is 10 positions/second, from 
inclinometer is 20 angle/second. Another obstacle is the system itself; the design 
must take into account not only the dynamics of the two axis plate system, but also 





The remainder of this thesis is arranged as follows: 
• Physical and Mathematical modeling of the ball and plate system. 
• Phase-Lead controller design and simulation 
• Ball and Plate hardware construction 


















2. BALL AND PLATE SYSTEM ANALYSIS 
In this section ball and plate’s physical system will be modeled, it’s kinematics and 
the equations of motion for a two degree of freedom will be developed. 
2.1. Physical System Modeling and Assumptions  
The following assumptions are used in the modeling the ball and plate system. 
1. The sliding friction between the ball and plate is high enough to prevent the 
ball from slipping on the plate. This limits the degree of freedom of the 
system and also makes the equation of motion simpler. 
2. The rotation of the ball about its vertical axis is to be negligible. 
3. Rolling friction between the ball and plate is neglected. 
4. The plate angles will be approximately equal to motor angles. The plate is 
assumed that there will be small motion of the plate  
5. The plate is assumed to have mass-symmetry about its x-z and y-z planes. 
This ensures that there are no non-diagonal terms in the inertia matrix for the 
plate. 
 
Figure 2.1: Physical model of the ball and plate system 
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A physical model of the ball and plate system is provided in Figure 2.1, where x-y-z 
is the ground frame. The plate has two degrees of freedom and its orientation is 
defined by two angles (q 1  and q 2 ) that form a body rotation. Frame x ''  -y '' -z ''  is a 
plate fixed reference frame, while x ' -y '- z '  is an intermediate frame. 
2.2. Mathematical Modeling of Ball and Plate System 
2.2.1. Kinematical System Analysis 
Linkage diagram of the spatial linkage is shown in Figure 2.2. The L-shaped link is 
rigidly attached to the base of the plate and is connected to the ground by means of a 
U-joint at O. The two dc motors are connected to links at simple pin joints. The 
remaining joints are ball and socket joints. 
 
 




2.2.1.1. System’s Degree of Freedom 
Number of rigid bodies (n) = 5; 
Number of pin joints (p) = 2; 
Number of U-joints (u) = 1; 
Number of ball and socket joints (b) = 4; 
Number of redundant degrees of freedom (r) = 2 
Overall degrees of freedom of the system; 
= 6(n) – 5(p) – 4(u) – 3(b) – r = 2                                                                           (2.1) 
Thus we overcome the challenging problem of the ball and plate system. This 
problem was; system has more degrees of freedom than the number of actuators. But 
using this spatial linkage mechanism which has two degrees of freedom we 
overcome this challenge. This is also equal to the inputs to the system, two motor 
angles. 
2.2.1.2. Motor Angle and Plate Angle Relationship 
From the system’s degree of freedom, it is evident that out of the four variables m1θ , 
m2θ , 1q , 2q , only two of them are independent since the mechanism has two degrees 
of freedom. There exist the following two kinematical constraint equations that relate 
the motor angles to the plate angles; 
2 2 2
1 1 1 m1 1 1 1 m1 1 1(r cos q r cos ) (r sin q r sin )− θ + − θ + =                                             (2.2) 
2 2 2
2 m2 2 2 1 2 2 2 2 m2 2 2 1 2(r sin r sin q cosq ) (r cosq r cos ) (r sin q sin q )θ − + + − θ + =   (2.3) 
The plate angle 2q  is related to the motor angle m1θ  and m2θ  by the non-linear 
equations presented above. It can be easily shown that the above expressions reduce 
to the following linear relationships: 
1 m1q = θ                                                                                                                     (2.4) 
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2 m2q ≅ θ                                                                                                                    (2.5) 
The validity of this assumption is also verified experimentally. It is found that for the 
relevant range of operation, the correspondence between the motor angles and the 
plate angle is satisfactory. 
2.2.1.3. Plate Kinematics 
Consider the rigid plate in Figure 2.3 that rotates along one space-fixed axis and then 
again along a body fixed axis. 
 
Figure 2.3: Diagram of ball and plate 1 2q q 0= =  
Let i, j and k define an inertial reference frame with k pointing in the vertical 
direction. Let 1e , 2e  and 3e  be a coordinate system fixed on the plate with 3e  in the 
direction normal to the plate, and 1e  = i, 2e  = j when the plate is level. 
When the plate undergoes the rotation 2 2q e  followed by 1q i , the space fixed 
coordinates of the body fixed frame are;  
1 2 1 2 1 1
2 1 1
2 1 2 1 23
e cos q sin q sin q cosq sin q i
e 0 cos q sin q j
sin q sin q cos q cos q cos q ke
−    
    
=    
   
−   
                                              (2.6) 
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Figure 2.4: Diagram of ball and plate with one rotation of 1q−  in the i direction as 
shown in light blue. In configuration of the plate for 1 2q q 0= =  is yellow. 
The inertial coordinates relative to the plate-fixed coordinates are; 
1
12 1 2 1 2
2
2 1 2 1 2 3
ei cosq sin q sin q cosq sin q
j 0 cosq1 sin q1 e
k sin q sin q cosq cos q cosq e
−
−     
    
=     
     
−     
                                            (2.7) 
 
Figure 2.5: Diagram of ball on plate with a rotation of 1q−  in the i direction and 
then another of 2q  in the 2e direction 
In terms of rotation matrices, the transformation from { }1 2 3e ,e ,e  coordinates to 
{ }i, j, k  is given by the orthogonal matrix; 
2 2
1 2 1 2 1
1 2 1 1 2
cosq 0 sin q
sin q sin q cosq cos q sin q
cosq sin q sin q cosq cosq
 
 Θ = − 
 
− 
                                                         (2.8) 
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If the position of a ball on the plate is, in terms of the body-fixed coordinates with 







 ρ =  
 
 
                                                                                                                   (2.9) 
Then its position in the spaced-fixed coordinates with basis { }i, j, k  is .Θ ρ . 
2.2.2. Dynamic System Analysis 
The position of the mass center of the ball at anytime is; 
1 1 2 2 3(t) r (t)e r (t)e Reρ = + +                                                                                    (2.10) 
where R is the radius of the ball. 
The angular velocity of the plate can be calculated by computing the matrices; 
.
T
1Ω = ΘΘ                                                                                                              (2.11) 
.
T
2Ω = Θ Θ                                                                                                              (2.12) 
Where 1Ω  and 2Ω  contain the components of the angular velocity in the space-fixed 








 Ω = ω −ω 
 
−ω ω 
                                                                                      (2.13)  
We can compute the absolute angular velocity of the plate as; 
. . .
1 11 2 2q i cos q q j sin q qρω = + +                                                                               (2.14) 
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. . .
2 1 2 2 31 2 1cos q q e q e sin q q eρω = + +                                                                      (2.15) 
Taking the time derivative of the position of the ball and expressing its velocity 
relative to the inertial reference frame; 
. . .
1 21 2r e r e ρρ = + + ω ×ρ                                                                                           (2.16) 
. . . .
1 2 2 12 1
. .
2 2 1 2 21
. .
1 2 1 32 1
(q R r q r sin q )e
(r q ( R cosq r sin q ))e
( q r cos q r q )e
ρ = + − +
+ − + +
− +
                                                                      (2.17) 
Alternatively, 
.





ρ = Θρ                                                                                                           (2.18) 
where eρ  is the ball location in the { }1 2 3e ,e ,e  coordinate  system. 
The rolling without sliding constraints for the ball are; 
.
21R r− ω =                                                                                                               (2.19) 
.
12R rω =                                                                                                                 (2.20) 
where 1ω  and 2ω  are the angular velocities of the ball in the 1e  and 2e   directions, 
respectively. 
The angular velocity of the ball relative to the space-fixed frame is equal to the sum 




b 1 1 2 2 3 3e e e ρω = ω + ω + ω + ω                                                                                   (2.21) 
Using the Lagrangian formulation with no external forces nor constraints; 
L K V= −                                                                                                               (2.22) 
2 1 e
d D L(q, v) D L(q, v)).u .u
dt
− = α                                                                         (2.23) 
where K is the kinetic energy, V is the potential energy, e 0α =  are the external 
forces, and the test vector u is T1 2 1 2u (u , u , , )= µ µ . 
The kinetic energy of the ball is given by; 
. .
b b b
m 1K ( . ) .J .
2 2




















                                                                            (2.25) 
Substituting, 
. . .
2 2 2 2 2
1 2 2 3 21 2 1
. . . . .
2 2
12 2 1 2 21 2 1 2
. .
2
22 1 2 1
mK [2( cos q q ) R 2( q ) R 2( sin q q )R
10
5[(cos q r q r q ) ( r sin q q R q r )
(( R cosq r sin q ) q r ) ]]
= ω + + ω + + ω + +
− + − + + +
− + +
                  (2.26) 
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The potential energy of the ball is given by; 
1 1 2 2 1 1 2V mg[r cos q sin q r sin q R cos q cos q ]= + +                                                 (2.27) 
Substituting known values, the Lagrangian is: 
. . .
2 2 2 2 2
1 2 2 3 21 2 1
. . . . .
2 2
12 2 1 2 21 2 1 2
. .
2
22 1 2 1
1 1 2 2 1 1 2
mL [2( cosq q ) R 2( q ) R 2( sin q q )R
10
5[(cosq r q r q ) ( r sin q q R q r )
(( R cosq r sin q ) q r ) ]]
mg[r cos q sin q r sin q R cos q cos q ]
= ω + + ω + + ω + +
− + − + + +
− + + −
+ +
                   (2.28) 
Evaluating appropriate derivatives: 
. . . . .. .. ..
2 12 2 2 2 21 2 1 1 2.
1
d L
m[ cosq r q q sin q q r r sin q q R q r ]
dt r
∂
= − − − + +
∂
                             (2.29) 
. . . . .. ..
1 22 1 2 2 1 21 2 2 1.
2
d L
m[q (cos q r q sin q (R q r )) ( R cos q r sin q )q r ]
dt r
∂
= + + + − + +
∂
         (2.30) 
. . . ..
2
1 2 21 2 1
1
d L 2
mR ( sin q q q cos q q )
dt 5
∂
= ω − +
∂ω











                                                                                      (2.32) 
. . . ..
2
3 2 21 2 1
3
d L 2
mR ( cosq q q sin q q )
dt 5
∂
= ω + +
∂ω
                                                        (2.33) 
2
.




1 2 2 2 22 1 2
L
m[g cosq sin q sin q ( R cos q r sin q q
r
r q q ( cosq r q sin q r )]
∂
= + − + +
∂
+ − +
                                       (2.34) 
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2
. . . . . . .
11 2 2 1 2 21 1 2 1 2 1
2
L
m[gsin q r q cos q r q q R sin q q q sin q q r ]
r
∂
= − − + + +
∂
                     (2.35) 
To find the equations of motion; 
2 1 u1 u2 1 2 3
d D L(q, v) D L(q, v)).u u1 u2 1 2 3
dt µ µ µ








. . . .. .. ..
2 12 2 22 1 1 2
d L L
m[g cosq sin q sin q ( R cos q r sin q )q
dt rr
r1q 2sinq q r r sin q q R q r ]
∂ ∂Λ = − = − + − + +
∂∂
+ + − −
            (2.37) 
2
. . . . .
1u2 1 2 2 21 1 2 1.
2
2
.. . . .. ..
22 1 2 21 1 2 1
d L L
m[g sin q r q 2R sin q q q 2sin q q r
dt rr
R cos q q r (2cosq q q sin q q ) r ]
∂ ∂Λ = − = − + + −
∂∂
+ + +
                (2.38) 
. . . ..
2
11 1 21 2 1
1
d L 2
mR [ sin q q q cosq q ]
dt 5µ
∂Λ = = ω − +
∂ω






mR [ q ]
dt 5µ
∂Λ = = ω −
∂ω
                                                                            (2.40) 
. . . ..
2
23 2 21 2 1
3
d L 2
mR [ cos q q q sin q q ]
dt 5µ
∂Λ = = ω − +
∂ω
                                               (2.41) 
The rolling without slipping constraint is applied to the test vector. If the rolling 
without slipping constraint were to be applied to the variables that become a part of 
the Lagrangian, the resulting equations would be incorrect due to the nonholonomic 
nature of the constraints. 
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µ =                                                                                                                   (2.43) 
The time derivative of the rolling constraint yields two more equations for 
substitution; 
.. .
1 2r R= ω                                                                                                                 (2.44) 
.. .
2 1r R= − ω                                                                                                              (2.45) 






2 2 1 2 11 2
. . .. .. ..
2 12 2 21 1 2
2
mR[ q m(g cos q sin q
R 5
sin q ( R cosq r sin q ) q r q
2sin q q r r sin q q R q r ]
µΛΛ + = ω + − +
− + + +
+ − −
                                               (2.46) 
2
. . . . .
1
1u2 1 2 2 21 1 2 1
.. . . .. ..
22 1 2 21 1 2 1
m [5g sin q 5r q 12R sin q q q 10sin q q r
R 5
7R cos q q 5r (2cosq q q sin q q ) 7 r ]
µΛΛ − = − + + −
+ + +








1 1 2 2 2 1 2 11 2
. . .. ..
22 2 21 1 2
1
r [5g cosq sin q 5sin q ( R cos q r sin q )q 5r q
7
10sin q q r 5r sin q q 7R q ]
= + − + + +
+ −
                       (2.48) 
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2
.. . . . . . ..
2 11 2 2 2 22 1 2 1 1
. . ..
1 2 21 2 1
1
r [ 5g sin q 5r q 12R sin q q q 10sin q q r 7R cosq q
7
5r (2cos q q q sin q q )]
= − + − − + −
+
           (2.49) 
These equations are linearized about the origin. If 1 2q q 0= =  then there are infinite 
number of equilibrium points for the system as long as the appropriate external 
torques are applied. In the special case of 1 2r r 0= = , no external torques are needed to 
maintain the system’s equilibrium. 
.. ..
12 2
7 7gq r ( R h)q
5 5
= + +                                                                                          (2.50) 
.. ..
2 1
7 7gq1 r ( R h) q
5 5
− = − +                                                                                        (2.51) 
Where h is the offset height between plate and U-joint. Above equations lead to the 






















3. CONTROLLER DESIGN AND SIMULATION 
From the ball and plate equations of motion, it is seen that 1r  is dependent on 2q  
only, while 2r  is dependent on 1q  only. Thus the system can be treated as two 
different systems operating simultaneously. Hence, similar but independent 
controllers can be used for controlling each coordinate of the ball motion. 
3.1. Phase-Lead Controller 
Lead compensators are used quite extensively in control. A lead compensator can 
increase the stability or speed of response of a system. It provides phase lead at high 
frequencies. This shifts the poles to the left, which enhances the responsiveness and 
stability of the system. Depending on the effect desired, one or more lead 
compensators may be used in various combinations.  
3.1.1. Continuous Controller Design 
For 1r  (x) coordinate, phase-lead controller will be designed. Ball and Plate system 
has 2 zeros and 2 poles. Adding a pole decreases the effect of system’s zero and 
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Characteristic polynomial coefficients; 
x x x x x x
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1400K z 1400K 200p 7K z
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− + − + − + 
                                                (3.5) 
2 poles assign to -3 and another pole should assign to 10 2  for eliminating system’s 
left side zero. Then desired characteristic polynomial and coefficients become as; 
2
xPd (s 3) (s 10 2)= + +                                                                                           (3.6) 
{ }90 2,9 60 2,6 10 2+ +                                                                                     (3.7) 
Thus, Control parameters are obtained; 
x x xp 14.1421, z 1.35616,K 9.12535→ → →                                                          (3.8) 
All calculations can be repeated for 2r  (y) coordinate. Only one thing will change 
that is the sign of the gain. 
3.1.2. Discrete Controller Design 
The discrete controller can be designed in the s-domain (continuous). The Tustin 
transformation can transform the continuous compensator to the respective digital 
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compensator. The digital compensator will achieve an output which approaches the 








                                                                                                              (3.9) 
Tustin transformation is applied to the Phase-Lead controller in equation (3.1). 
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                                                                     (3.10) 
For finding sampling rate T; system’s frequency response should be examined. 
 
Figure 3.1: System frequency response ( 1r  coordinate) 
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According to Figure 3.1 system sampling rate should be smaller then 1 second. 
3.2. Simulation  
Ball and Plate system’s mathematical model and controllers are applied to simulink. 
Calculated controller’s parameters are tested for linear and non-linear ball and plate 
system with continuous and discrete controller. 
 
Figure 3.2: Simulink block diagram of linear system 
 
Figure 3.3: Simulink block diagram of non-linear system 
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Figure 3.4: Simulink block diagram of controller selection 
 
 
Figure 3.5: Simulink block diagram of servo system 
 
 
Figure 3.6: Ball and Plate system 
 
In Figure 3.6, first of all reference signal is selected.  Controller x and Controller y 
blocks in Figure 3.6 presents Figure 3.4. With the help of the controller x and 
controller y blocks systems’ controller algorithm is selected. Then in the ball and 




3.2.1. Step Reference 
Ball and Plate system is tested with x= 0.5 m, y=0.5m step reference. Results are 
follows; 
 
Figure 3.7: x=0.5m, y=0.5m linear model with continuous controller 
 
Figure 3.8: x=0.5m, y=0.5m linear model with discrete controller 
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Figure 3.9: x=0.5m, y=0.5m nonlinear model with continuous controller 
 
Figure 3.10: x=0.5m, y=0.5m nonlinear model with discrete controller 
In appendix there is other step reference results at x=y=0.2m and x=y=1m. 
3.2.2. Circular Trajectory Reference 
Ball and Plate system is tested with x= 0.5 m, y=0.5m circular trajectory reference. 
Results are follows; 
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Figure 3.11: x=0.5m, y=0.5m linear model with continuous controller 
 
Figure 3.12: x=0.5m, y=0.5m linear model with discrete controller 
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Figure 3.13: x=0.5m, y=0.5m nonlinear model with continuous controller 
 
Figure 3.14: x=0.5m, y=0.5m nonlinear model with discrete controller 
In appendix there is other circular trajectory references results at x=y=0.2m and 
x=y=1m. 
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4. EXPERIMENTAL SETUP 
This section describes the details of an electromechanical ball-on-plate system 
including a description of its mechanical design, electronic components 
specifications and software that is used to control the system. 
4.1. Hardware 
Ball and Plate system mechanism was designed by Unigraph 3D drawing program. 
As one can see in Figure 4.1 dimensions of mechanism designated to the purpose of 
transportability. Simple linkage mechanism was used for direct motion transmission. 
Thus, motor angle is directly proportional to the plate angle. In the case of direct 
action transmission, plate material should be light. So that mechanism was 
constructed by aluminum.  
 
Figure 4.1: Ball and Plate hardware assembly 
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The rest of the hardware used in the experiment consists of an Intel-based PC 
running Windows, PLC, ADC, touch screen, inclinometer, dc motors and their 
drivers. 
4.1.1. Mechanical Construction 
The plate itself is 2 mm aluminum. Aluminum was chosen for their stiffness to 
weight ratio. Aluminum plate’s edge was bent to prevent possible warping and 
nonlinearities arising from a plate that is not perfectly flat. The plate is square, one 
edge is 40 cm. 
Ball and plate hardware assembly’s main parts are spherical joints. As shown in 
Figure 4.2 plate can be rotated on these joints by the dc motors. Center spherical joint 
has 50± degree freedom; edge spherical joints have 30±  degree freedom. So that 
mechanism has limitations in motion because of the limitation on the spherical joints. 
 
Figure 4.2:  Plate spherical joints 
Direct motion transmission from motors to plate makes inclination measurement 
very important. Beside dc motors incremental encoders also motors angles controlled 
by plate inclination. The inclinometer was mounted under the plate beside the center 
spherical joint as shown in Figure 4.3.  
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Ball position on the plate is measured by touch screen. It was mounted on the 
aluminum plate. Its dimension is 33 cm X 27 cm as shown in Figure 4.4. 
 
Figure 4.3:  Inclinometer 
 
Figure 4.4:  Touch screen 
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4.1.2. System Control Structure 
Whole system control structure summarized in Figure 4.5. 
 
Figure 4.5: System control structure 
PLC is the heart of our control mechanism. DC motor drivers are controlled by PLC. 
The signals of the dc motors’ encoder processed in PLC. So that 2 dc motors are 
simultaneously driven by PLC. Also, with the help of the AD (analog digital) module 
PLC converts position potentiometer, inclinometer and touch screen analog signals to 
the digital. All data collects in PLC then it sends to the PC through the facon server 
which is communication component with PLC and PC. Program that builds in PC 
decide the control parameters then sends it back to the PLC. But there is a delay in 
PLC-PC communication so that PC must be used only for monitoring the system and 
control parameters must be decide in PLC. 
4.1.2.1. PLC 
Fatek 20 MC PLC is used for this project. It has 12 points 24 VDC digital input (2 
points 100KHz + 10 points 20KHz), 8 points (R/T/S) digital output, RS232 or USB 
port (expandable up to 5), built-in RTC. Fatek PLC interface’s name is 
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Winproloader.  With the help of the winproloader one can easily program the PLC 
using ladder diagram. Fatek PLC specifications are shown in Table 4.1. 




Also; DC motors are controlled with NC position control technique by Fatek PLC. 
By NC position control, commands are giving by a way of high speed pulse. As 
shown in Figure 4.6 all parameters that are used for controlling motors are assigned 
specific registers. Appropriate changes in register value manipulate the motors in 
desired way.  
 
Figure 4.6: Servo motor parameter table 
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But a suitable dc motor driver for that approach was not been found.  So that LMD 
18245 DMOS Full Bridge Motor driver chip is used for dc motor controller. This 
motor driver chip is easily controlled by PLC but this driver only support direction 
selection and brake properties. 
4.1.2.2. DC Motor 
DC motors in this project have gearboxes and encoders. They have to tilt plate 
through to desired degree and have to deal with plate, touch screen and steel ball’s 
weight. For that purpose gearbox becomes necessary. Also they have to tilt plate 
through the exact degree and not lose position. So encoder becomes important and 
necessary too. Our dc motors with the gearbox handle with 3 kg weight and encoders 
produce 24 signals from 1 dc motor’s shaft turn. Gear ratio is 27 to 1. Gear shaft 
degree resolution becomes 0.55o . 
 
Figure 4.7: DC motor DMD34BE50G 
 
 32 
4.1.2.3. DC Motor Driver 
LMD 18245 DMOS Full Bridge Motor driver chip is used to drive the dc motor. 
With this driver chip we select direction of the motor, brake the motor and control 
the torque of the dc motor. Direction selection and braking control achieved with 
logic signals from PLC. Torque control of the dc motors is achieved with digital or 
analog signals. In this project PWM is used. Also, for changing torque value simple 
DAC can be used for this project. 
 
Figure 4.8: DC motor driver electronic card 
4.1.2.4. AD Module 
FBs-6AD is one of the analog input modules of FATEK FBs series PLC. It provides 
6 channels A/D input with 12 or 14 bits effective resolution. Base on the different 
jumper settings it can measure the varieties of current or voltage signal. The reading 
value is represented by a 14-bit value no matter the effective resolution is set to 12 or 
14 bits. In order to filter out the field noise imposed on the signal, it also provides the 
average of sample input function.  
In our control mechanism bipolar 14 bit analog input is used (-10 V – 10 V).  2 
channels of A/D input are used for inclinometer to know inclination in x ann y axis. 2 
channels of A/D input are used for touch screen to know steel ball position in x and y 
position. 2 channels of A/D input are used for position potentiometer to know gear 




Table 4.2: Specifications of Fatek AD module 
 
 




The electrolytic tilt sensor provides an output voltage that is proportional to the tilt 
angle. In a single axis level there are three electrodes, a common electrode and two 
outer electrodes. A dual axis level has five electrodes, a common and four outer 
electrodes. As the level is tilted, the fluid inside the level covers more or less of the 
outer electrodes depending on the direction of tilt. This causes the conductive path to 
present a ratio between the electrodes. 
Inclinometer used in this project has 0.1 degree accuracy, resolution 0.001 degree, 
sensivity 35 m/V, frequency response 18 Hz.  
 
 
Figure 4.10: Inclinometer structure 
4.1.2.6. Touch Screen 
This project 17.1’ analog resistive touch screen is used. Its active area dimension 
approximately 33cm X 27 cm. Physical structure of the touch screen is shown at 
Figure 4.11. In order to reading ball position from the touch screen control card is 
designed. Control card both connected to PLC and touch screen. As shown in Figure 
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4.12; when the touch screen is pressed under this environment the voltage of the X 
coordinates resistance is detected by the Y coordinates electrode (A_in) at the input  
. 
Figure 4.11: Touch screen structure 
point (x1), where the X-Y coordinate resistance layers make contact.  The detected 
voltage in supply side is higher than the GND side, which means ‘A_in’=Vcc at the 
point ‘E’ and ‘A_in’=0 at the point ‘A’.  Control card sends coordinates data through 
AD module to convert the ‘A_in’ voltage.  The Y-coordinates is measured in the 
same way.  By repeating this process alternately, coordinate value at the input point 
is determined. 
 




Figure 4.13: Touch screen control card 
4.1.2.7. Time Delays 
Ball and Plate mechanism has 4 feedback components. One is touch screen for ball 
position; inclinometer for plate angle, position potentiometer for gear shaft position 
(only for system initial position) and encoder for gear shaft position. For controlling 
the system we get feedbacks as quick as possible. But touch screen response time is 
100 ms and inclinometer response time is 60 ms. If we try to control the system via 
PC, there is an other time delay at PLC-PC communication. In this communication, 
data updates in every 95 ms. According to the system time delay specifications 
controlling this ball and plate system is very difficult. 
4.2. Software 
Visual Basic program language is used for developing ball on plate system control 
software. The system heart is PLC. PC and PLC should communicate to share 
process information and control parameters. Facon Server is used for communication 
instrument between them. With the help of the Facon Server, visual basic becomes 
capable of reading and writing the values of the PLC’s registers. In that way, basic 
approach of the software should be like that; visual basic get data from PLC, process 
them and decide the control parameters then send it to the PLC to manipulate the 
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system. Beginning of that approach different software algorithm and system practices 
are made as follows. 
 
Figure 4.14: Facon Server interface 
4.2.1. Ball on the Center Position  
In first software attempt simple fuzzy algorithm is used for keeping ball on the center 
of the plate. Also with this beginning we can recognize and understand system easily. 
The fuzzy algorithm can be summarized as; 
a) Connect to PLC, go initial position of the system; 
b) Get ball position and plate angle every 10 ms, 
c) Compare ball position with the desired position, 
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d) If ball position is small, then subtract ball position from the desired position. 
The value have got from the subtraction is x and value from the subtraction of 
edge point from center point is y compared. Then (x / y) * max desired angle 
degree is calculated and the result is send to motors as a pulse 
e) If ball position is big, then subtract desired position from the ball position. 
The value have got from the subtraction is x and value from the subtraction of 
edge point   from center point is y compared. Then (x / y) * max desired 
angle degree is calculated and the result is send to motors as a pulse 
f) Go to the d section. 
Above simple algorithm is tested by mechanism in one axis. Ball motion is very fast 
because of the less friction. This fast movement makes system unstable in every try. 
We increase the friction of the ball then we can able to control the ball over the 7 cm 
radius according to the plate center. But if the ball is left on the edge then system 











Figure 4.15: Fuzy algorithm system answer in 7cm radius 
Beside the fuzzy algorithm, PD controller is designed and tested. Discrete form of 
PD algorithm is below; 
2 2 2
u *kd kp *e * kp *kd *e _ ex u _ ex
t t t
         
= + + − −         
         
                   (4.1) 
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The system answer improves when using the above algorithm. We can able to 
control the ball 9 cm radius according to the plate center. But if the ball is left on the 













Figure 4.16: PD control algorithm system answer in 9 cm radius 
We used PC and PLC in first software attempt. Using PC creates approximately 150 
ms time delays. Because of that delay we could not take expected answers from 
system. Therefore we decided to develop software only in PLC. 
4.2.1.1. Ball on the Center Position in X axis 
This software is developed in PLC for keep ball on the center of plate’s X axis. As 
shown in Figure 4.17; ball position is controlled by PD controller, its signal is 
reference for the Dc motor’s PI position controller. The signal from the Dc motor’s 
shaft potentiometer is the feedback for PI controller. 
 
Figure 4.17: Control algorithm for ball on the center position in X axis 
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PI algorithm; 
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Without PC and above algorithm system acts better than first software attempt. In X 
axis ball is kept in center position with a little error that can neglect. In appendixes, 
PLC software is presented. 
 Same algorithm is used for Y axis and same answers were taken. 
4.2.1.2. Ball on the Center Position in X axis and Y axis 
The algorithm in Figure 4.17 is used for controlling each axis in a separate way. For 
reading the position of the ball in two axes, touch panel should work in period of 70 
ms for each axis. In other words reading two axes takes 140 ms. Also,  switching 
among the axes in touch panel produces noise. So that, signals from the touch panel 
affect the answers of the system in a bad way. But in 10 cm radius of the center plate 
the ball is kept in the center with an error. 







Ball and Plate electromechanical device is developed. System physically and 
mathematically modeled. According to that model Phase-Lead controller was 
designed. That model with the controller is simulated in Matlab. Simulation results 
are discussed. Then ball and plate mechanism tested for recognition of system 
characteristics. For the purpose of the controlling ball position on the plate PD and PI 
controllers have examined. Controlling of ball position on the plate has been 
accomplished in one axis but in two axes controlling of ball position become real in 
limited plate area.  If the following properties can be improved, system stability will 
improve too.  
• Touch panel response time 
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Figure A.1: x=0.2m, y=0.2m linear model with continuous controller 
 
Figure A.2: x=0.2m, y=0.2m linear model with discrete controller 
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Figure A.3: x=0.2m, y=0.2m nonlinear model with continuous controller 
 
Figure A.4: x=0.2m, y=0.2m nonlinear model with discrete controller 
 
Figure A.5: x=1m, y=1m linear model with continuous controller 
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Figure A.6: x=1m, y=1m linear model with discrete controller 
 
Figure A.7: x=1m, y=1m nonlinear model with continuous controller 
 
Figure A.8: x=1m, y=1m nonlinear model with discrete controller 
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Figure A.9: x=0.2m, y=0.2m linear model with continuous controller 
 
Figure A.10: x=0.2m, y=0.2m linear model with discrete controller 
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Figure A.11: x=0.2m, y=0.2m nonlinear model with continuous controller 
 
Figure A.12: x=0.2m, y=0.2m nonlinear model with discrete controller 
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Figure A.13: x=1m, y=1m linear model with continuous controller 
 
Figure A.14: x=1m, y=1m linear model with discrete controller 
 49 
 
Figure A.15: x=1m, y=1m nonlinear model with continuous controller 
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